We report the label-free detection of single particles using photonic crystal nanobeam cavities fabricated in silicon-on-insulator platform, and embedded inside microfluidic channels fabricated in polydimethylsiloxane (PDMS). Our system operates in the telecommunication wavelength band, thus leveraging the widely available, robust and tunable telecom laser sources. Using this approach, we demonstrated the detection of polystyrene nanoparticles with dimensions down to 12.5nm in radius. 
Introduction
Label-free biomedical and chemical sensors are of enormous importance in healthcare, environmental surveillance and national security [1, 2] . Optical cavity sensing methods are based on monitoring shifts of the resonances of high-Q cavities, due to analyte-induced refractive index changes in the near-field of the structure. These changes can be localized perturbations due to the adsorption of analyte onto the cavity surface [3, 5] , or a global change in the bulk concentration of the analyte (e.g. differences in glucose concentrations in an aqueous solution) [6] [7] [8] . The Q-factor and the mode volume of the cavity are the key parameters that determine the detection limit of these sensors. The ultra-high Q-factors demonstrated in Whispering Gallery Mode (WGM) cavities enabled detection of extremely small resonance shifts induced from single viruses and nanoparticles [9] [10] [11] [12] [13] . However, WGM based sensors are difficult to integrate with waveguide and further multiplexing. Recently, plasmonic nanorods have demonstrated detection of single proteins [14, 15] . This is enabled by the ultra-small mode volumes (V) of the surface plasmon mode. The high absorption losses characteristic of most plasmonic systems, however, produces broad resonance lines. In this work, we use photonic crystal nanobeam cavities that combine high Q and small mode volumes. We report the label-free detection of single polystyrene nanoparticles and streptavidin proteins in a CMOS compatible and scalable photonic crystal nanobeam cavity platform. Importantly, our system operates in the telecommunication wavelength band thus leveraging the availability of robust and tunable telecom lasers.
Prospect of photonic crystal nanobeam cavity for single molecule sensing
The sensing element that we use in this work is based on a photonic crystal nanobeam cavity [16] (scanning electron microscope image shown in Fig. 1(a) , designed using a determinis- tic method that we recently developed [17] . Figure 1(b) shows the mode profile of the cavity obtained using finite-difference time-domain (FDTD) modeling. A particle (e.g. virus, protein, or bacterium) brought in the vicinity of the cavity mode perturbs the cavity and causes a slight shift in the cavity resonance. Since the overall perturbation from the particle is proportional to the ratio between particle's size and the cavity's mode volume, photonic crystal nanobeam cavities with mode volumes smaller than the size of a bacterium (typically 2-3 orders of magnitude smaller than those of microsphere resonators [18] ), are well suited for biosensing applications [19] . In order to estimate the feasibility of single molecule detection, we choose the streptavidin molecule as the sensing target and calculate the resonance shift induced by a single streptavidin molecule. Since the size of the streptavidin molecule (∼5nm in diameter [20] ) is much smaller than the optical wavelength, the variation of the optical field across the molecule can be neglected, and the wavelength shift can be quantitatively calculated with perturbation theory based on the field distribution obtained from FDTD simulation. We model the streptavidin molecule as a solid spherical nanoparticle with permittivity ε p = 1.45 2 and size (volume) V mol with diameter of 5nm. The cavity resonance shift (δ λ ) is [21, 22] δ λ λ
where λ is the resonance wavelength of the nanocavity, ε s is the permittivity of the surrounding medium, E mol is the optical field at the position of the molecule and ε|E| 2 dr is the total optical energy stored in the nanocavity. To account for uncertainties in the size and refractive indices of the molecule and carrier fluid, in Fig. 2 , we calculate the maximum resonance shift induced by the spherical nanoparticle (model for streptavidin molecule) assuming different particle sizes, particle refractive indices and carrier solution refractive indices. It can be seen that the resonance shift, and therefore the sensitivity of our sensor, is very sensitive to the size of the molecule. Based on the data, we concluded that a maximum resonance shift on the order of 0.04-0.08pm is expected from single streptavidin molecules.
Fabrication of on-chip nanobeam cavity sensor
As illustrated in Fig. 3(a) , the sensor chip consists of silicon nanobeam cavities, silicon waveguides, polymer spot-size converters, and microfluidic network used for fluid delivery. The silicon nanobeam cavity consists of a tapered array of holes (periodicity 330nm), defined along a 600nm wide ridge waveguide. The device was fabricated on a silicon-on-insulator (SOI) wafer with a 220nm device layer on a 3µm buried oxide. The cavity region was approximately 15µm long. The device was defined by electron-beam lithography using Hydrogen SilsesQuioxane (HSQ) as the resist, followed by reactive ion etching (C 4 F 8 /SF 6 ) of silicon. In order to achieve efficient coupling between a commercial tapered optical fiber (Ozoptics inc.) and the silicon waveguide, a polymer fiber-waveguide coupler was employed [17, 23] . The fiber-waveguide coupler consists of a 3µm × 3µm cross-section polymer (SU-8) waveguide, defined through a second electron-beam lithography step. In the mode conversion section, the width of the silicon waveguide was linearly tapered from 600nm to 50nm over a length of 500µm, in order to adiabatically couple the light from the SU-8 waveguide to silicon waveguide [17] . Current experimental coupling efficiency is 12%, which includes the tapered fiber-polymer waveguide coupling, polymer waveguide -silicon waveguide mode conversion, and propagation losses of the silicon waveguide. Numerical modeling predicts that this efficiency can be as high as 86% in our design. The discrepancy between theoretical predictions and experimental results are attributed to the scattering at the input facet of the chip (can be improved by polishing the facet) and imperfect alignment between the tapered fiber and the polymer waveguide. Signal transmitted through the cavity was collected with another tapered optical fiber using a similar approach. Our silicon-based optical platform is integrated with a microfluidic channel fabricated in polydimethylsiloxane (PDMS) using replica molding of a SU-8 template. The microfluidic channel has dimensions of 2mm×100µm×50µm (length×width×height) and is terminated with two millimeter-diameter holes on both ends -inlet and outlet for fluid delivery (Fig. 3(b) ).
The transmission signal is obtained by sweeping the tunable laser (Agilent Inc.) source and collecting signal through the cavity with an InGaAs detector (Electro-Optical systems Inc.). The polarization of input and transmitted light was controlled using in-line fiber polarizer in order to improve signal-to-noise ratio by filtering-out the unwanted TM component. The transmission spectrum of a representative cavity operating in air shows prominent cavity resonance with Q of 120,000 (Fig. 3(c) ). When air is replaced with D 2 O and water, the Q drops to 83,000 and 35,000, respectively. The reduction of Q in the water as compared to D 2 O is due to the absorption by water in the telecom wavelength range [24, 25] . Upon immersion in liquid the cavity resonance shifts to longer wavelengths with ∆λ ≈ 22nm. This is consistent with the theoretically predicted sensitivity of our cavity, which is ∆λ /∆n = 83nm/RIU (refractive index unit).
Nanobeam sensor for single nanoparticle sensing
As a step towards single molecule sensing, we first used the nanobeam sensor to detect single polystyrene nanoparticles. Polystyrene particles with radii of 100nm, 25nm and 12.5nm were dispersed in DI water and injected into the sensor. During the experiment, the cavity resonance was measured every 100 milliseconds for 1 minute. A signal generator was used to scan the wavelength of the laser around the cavity resonance. The transmitted signal was measured using an optical detector, and Lorentzian profile fitting was performed to extract the cavity resonance. The resonance shifts versus time are shown in Fig. 4 . The shifts consist of discrete jumps superimposed on the background with a negative slope of ≈ 5pm/min. We note that this overall slope -also observed in [10, 14] , can be attributed to several effects including the oxidization process of the silicon chip, possible physical/chemical deposition processes on the silicon chip from the solution, as well as thermally induced refractive index change of the solution and the silicon chip. In addition, the drift (long-term) and fluctuations (short-term) of the laser output wavelength will also be added on top of the overall slope. In spite of this overall trend, the discrete resonance jumps are obvious for 100nm diameter, polystyrene particles (Fig.  4(a) ). During our experiment, the particle solutions were first injected, and measurement was taken after the injection was stopped. The jumps correspond to single polystyrene particles diffusing through the cavity mode region, triggering the resonance shift. Inset of Fig. 4(a) shows the particle moves in and out of the sensor. The jumps can also be seen in the case of 25nm (Fig. 4(b) ) and 12.5nm radii nanoparticles (Fig. 4(c) ). To determine which jumps correspond to nanoparticles diffusing to the sensor region and which to noise (e.g. temperature drift, laser wavelength fluctuations, etc), we perform 3σ analysis of the detected shifts. We define differential shifts as subtracting the resonant shifts obtained from two consecutive readouts, and then their standard deviation (σ ) is analyzed. The differential shifts larger than 3σ are identified as signal (nanoparticle crossing the sensor), and everything else as noise. The data are summarized in Figs. 4(d) , 4(e), and 4(f): single-particle detection events can be observed even for 12.5nm-radius nanoparticles, which are the smallest available polystyrene nanoparticles.
We performed the perturbation calculation (same as Fig. 1(c) ) for the 12.5nm-radius polystyrene nanoparticle, neglecting the field variation across the nanoparticle. Note that in this case, the field distribution is obtained from FDTD simulation. To account for the nanoparticle size, the field intensities that are in the plane 12.5nm above the surface of the nanobeam are utilized. Approximately a maximum of 0.2pm wavelength shift is expected on the top surface of the cavity, 0.1pm on the side walls and 0.7pm inside the holes of the gratings (Fig. 5(a) ). Experimentally we observed about 0.17pm shift for 12.5nm-radius polystyrene particle. This indicates that polystyrene particles are most likely adsorbed on the top surface.
Since polystyrene particles range from tens to hundred nanometers, the field decay due to the finite size of the nanoparticles can be accounted with the following scaling rule ∆λ ∝ r 3 e −r/L [22] where ∆λ is the resonance shift, r is the radius of the particle, L is the evanescent decaylength of the cavity field on the top surface. The value of L = 51nm was obtained from FDTD simulation by fitting the evanescent field outside the cavity to an exponentially decaying profile (Fig. 5(b) ). The average values of experimentally measured resonance shifts obtained from three different particle sizes are shown in Fig. 5(c) , in log-log scale, along with the theoretical fit of the form log(∆λ )+ r/L = slope·log(r)+ constant. A fit gives a slope-value of 2.98 ± 0.17, that is r 2.98 dependence of the resonance shift on the nanoparticle radius. This is in excellent agreement with theoretically predicted r 3 dependence. This further confirms that jumps in the cavity resonance are due to individual polystyrene nanoparticles.
Nanobeam cavity for single molecule sensing
Next, we use the nanocavity sensor to detect streptavidin molecules in phosphate buffered saline (PBS) solution. In this experiment, sensors were functionalized with biotin for efficient capture. To achieve this, the chip was first cleaned by oxygen plasma and immersed in 2% 3-aminopropyltrimethoxysilane in ethanol for 10 minutes, rinsed thoroughly and heated at 80 • C for 2 hours. The chip was then functionlized with an amine reactive biotin derivative, 6-((biotinoyl)amino)hexanoic acid succinimidyl ester (Biotin X SE, Invitrogen) dissolved in a mixture of dimethyl sulfoxide (DMSO) and 0.1M sodium bicarbonate. The real-time responses of our cavity to PBS and 2pM streptavidin are shown in Fig. 6 . Like the polystyrene nanoparticles, the existence of the discrete jumps indicates the observation of individual molecules entering the cavity region. These jumps are identified by analyzing the differential shifts the same way as in the nanoparticle case, and are marked by dashed lines in Fig. 6 . In the case of blank PBS (Fig. 6(a) ), all differential shifts but one fall below the 3σ line (Fig. 6(b) ). At 2pM concentration (Fig. 6(c) ), multiple differential shifts are greater than the 3σ -level (Fig. 6(d) ), and thus attributed to the observation of streptavidin events. We note that the 3σ values calculated from the bare PBS solution and 2pM streptavidin solution have negligible differences, due to small effect of streptavidin to the solution. A histogram of experimental resonance jumps (using the above mentioned 3σ method), accumulated from several experiments is shown in Fig. 6(e) . It cuts off at 0.06pm, which is the detection limit of current nanocavity sensor. Furthermore, it can be seen that the most common resonant shift observed in our experiment is 0.07pm, which is within the 0.04-0.08pm range, predicted using theoretical analysis (Fig. 2) . The discrepancy between experimental data and theoretical predictions can be attributed to: (i) uncertainties in the size and refractive index of streptavidin, (ii) additional mechanisms that induce additional resonance shift induced by streptavidin (iii) events of pairs or clusters of streptavidins binding on to the nanosensor.
The minimum wavelength shift that can be reliably measured in our system depends on the accuracy in determining the absolute value of the cavity resonance, which in turn depends on the signal-to-noise ration (SNR) of the transmission spectrum measurement. Previous work [14, 26] with similar noise level to ours and SNR∼20dB has demonstrated the ability to extract the cavity resonance (using Lorentzian fitting) with the accuracy of 1/1000th of the resonance linewidth. In our case, this would correspond to an accuracy of ∼0.04pm (cavity Q=35,000). Unfortunately, our current measurements fall slightly short off this value, which is attributed to the wavelength fluctuations of the tunable laser source used in our measurements. Using a high resolution wavemeter (Toptica Inc.), we measured the wavelength fluctuation of the laser to be ∼70fm, which is on par with the signal from single streptavidin. We found that laser fluctuations are highly dependent on the acoustic noise in the laboratory. For example, we could improve the wavelength stability simply by placing the laser on the sturdy heavy duty table and surrounding it with acoustic foam. This cuts of the wavelength fluctuation in half. Further improvements in the laser stability are still needed in order to reduce the rate of false positive events, and to reach the true potential of our sensor. This will be accomplished by further reducing the acoustic noise in the setup, choosing more stable laser sources or actively stabilizing the laser source with Pound-Drever-Hall technique [27] . Furthermore, an improved cavity design with greater resonance shift to single molecules will also improve the detection of single molecules.
Conclusion
In conclusion, we have demonstrated label-free nanoparticle detection and protein detection with single particle sensitivity and single molecule visibility. While single protein detection has been observed recently with hybrid plasmonic-photonic systems [13] and plasmonic nanorods [14, 15] , our SOI based platform offers unique advantages, including inexpensive and scalable fabrication using established CMOS processes. The top down fabrication approach also enables highly multiplexed detection with multiple sensors and further integration with electronics and instrumentation. Additionally, the ultra-small mode volume of our cavity makes single molecule detection possible in water, which has proven to be a major limitation of other silicon-based optical cavity sensors. Our device will enable study of biomolecular interactions where fluorescent labeling is not feasible or where sensitivity of current available label-free sensor platforms is inadequate.
